1. Introduction {#sec1-ijms-17-01707}
===============

Alzheime's disease (AD) is a leading cause of dementia in adults that affects 46.0 million people worldwide \[[@B1-ijms-17-01707]\]. Cognitive deficits are common in initial AD presentation, impairing daily performance and impacting quality of life, eventually ending in the death of the patient \[[@B2-ijms-17-01707]\]. The pathophysiology of cognitive impairment caused by AD has not been elucidated, and it tends to be treated with routine clinical measures \[[@B3-ijms-17-01707]\]. Cognitive deficits are often associated with brain metabolic alterations in AD \[[@B2-ijms-17-01707],[@B3-ijms-17-01707]\], and studies using positron emission tomography (PET) have revealed brain glucose metabolic impairments in patients with AD \[[@B4-ijms-17-01707]\]. However, a detailed analysis of the association between glucose metabolic dysfunction and specific cognitive impairments has not been conducted. Because learning and memory is first affected in AD, this study investigated glucose metabolic changes in specific brain regions of amyloid precursor protein (APP)/ presenilin 1 (PS1) transgenic (Tg) mice of varying ages using PET with learning and memory dysfunction resulting from early-stage AD.

PET provides a noninvasive measure to quantify brain glucose metabolism, and ^18^F-labed fluorodeoxyglucose (^18^F-FDG) is the most commonly used radiotracer analog of brain glucose \[[@B5-ijms-17-01707],[@B6-ijms-17-01707]\]. Recent advances in scanner resolution have allowed quantitative measurement of regional glucose metabolic changes in mice brains using small animal PET (microPET) \[[@B3-ijms-17-01707],[@B5-ijms-17-01707]\]. Because glucose is the major energy source for normal adult brains, the glucose metabolic rate can reflect neuronal function, synaptic density, and neuroinflammation. In early AD, neurons often exhibit a brief hyperglycolytic state in which glucose metabolism is enhanced to compensate for neuronal dysfunction \[[@B3-ijms-17-01707]\]. Thereafter, a relatively longer period of metabolic depression follows, indicating irreversible neuronal damage \[[@B7-ijms-17-01707],[@B8-ijms-17-01707]\]. Hypermetabolism before onset of clinical dementia could be an early biomarker for AD diagnosis \[[@B2-ijms-17-01707],[@B8-ijms-17-01707]\]. However, the pattern of age- and brain region-specific changes in glucose metabolism and the best region for assessing glucose metabolism has not been determined.

The hippocampus is often the first-affected region in patients with AD \[[@B9-ijms-17-01707]\]. The hippocampal damage is considered as a major contributor to the development of cognitive dysfunction in AD, including learning and memory impairments. A variety of studies have attempted to explore hippocampal function in AD-affected brains and explore its relationship with specific cognitive impairments, but most of them failed due to early limitation in imaging resolution \[[@B10-ijms-17-01707],[@B11-ijms-17-01707]\]. However, an explicit study of the association between hippocampal glucose metabolism and hippocampus-dependent learning and memory impairment may facilitate future efforts towards the early diagnosis of AD and monitoring of disease progression.

The goal of this study was to evaluate glucose utilization in six brain regions (entorhinal cortex, hippocampus, frontal cortex, corpus callosum, striatum, thalamus) of four diverse age groups (2 months (pre-clinical), 3.5 months (sub-clinical), 5 months (early-clinical), 8 months (mid-clinical)) to assess age-specific changes in glucose metabolism in specifically designated brain regions in mice with an AD model and then explore their possible correlations with learning and memory dysfunctions; the purpose was to provide experimental cues for the management of AD patients using PET imaging.

2. Results {#sec2-ijms-17-01707}
==========

All tested mice completed the MWM, but four of them died during PET examination due to hyperanesthesia. The data of dead mice were included in the analysis of MWM results but excluded the correlation analysis due to the absence of corresponding PET data. All details of mice utilized in this study are summarized in [Table 1](#ijms-17-01707-t001){ref-type="table"}. The regions of interest (ROIs) for PET data analysis are outlined in [Figure 1](#ijms-17-01707-f001){ref-type="fig"}.

2.1. Morris Water Maze (MWM) Results {#sec2dot1-ijms-17-01707}
------------------------------------

The MWM test was conducted to evaluate the spatial learning and memory of mice, and the results are summarized in [Figure 2](#ijms-17-01707-f002){ref-type="fig"}. The cued test was used to assess the visual acuity and motion behavior in water. All tested mice escaped on platform in at least one of the three trials and there was no notable difference in escape latency between Tg and wide-type (WT) mice at any age (2-way ANOVA, *F*~1,67~ = 0.194, *p* = 0.94) ([Figure 2](#ijms-17-01707-f002){ref-type="fig"}A), suggesting no notable age-related, visual and motion deficits in tested mice.

The training tests were used to assess spatial learning. Tg mice aged 2 mo (month-old) appeared to take more time to find the hidden platform compared with WT controls; however, no significant difference was found in escape latencies between the two groups (2-way repeated measures ANOVA, *F*~1,16~ = 1.92, *p* = 0.19) ([Figure 2](#ijms-17-01707-f002){ref-type="fig"}B). By contrast, Tg mice of 3.5 mo showed significantly longer escape latencies than age-matched WT controls (2-way repeated measures ANOVA, *F*~1,16~ = 21.1, *p* \< 0.001) at the third day of training, and the latency difference tended to be more notable afterwards (Tukey's Test, all *p* \< 0.05) ([Figure 2](#ijms-17-01707-f002){ref-type="fig"}B), suggesting slower learning speed. Likewise, Tg mice aged 5 and 8 mo took more time to escape the pool than age-matched controls (2-way repeated measures ANOVA, 5 mo: *F*~1,16~ = 22.9, *p* \< 0.001, and 8 mo: *F*~1,16~ = 27.8, *p* \< 0.001), with latency differences appearing significant at the second training day (Tukey's Test, all *p* \< 0.05) ([Figure 2](#ijms-17-01707-f002){ref-type="fig"}B), suggesting learning deficits progressing with age in Tg mice. [Figure 2](#ijms-17-01707-f002){ref-type="fig"}C shows typical swimming traces at the fifth day of training for Tg and WT mice.

The probe test was used to assess memory retention. In the test, Tg mice aged 2 mo showed no notable discrimination from age-matched controls in any of the four tested parameters (2-way ANOVA Tukey's Test, all *p* \> 0.05) ([Figure 2](#ijms-17-01707-f002){ref-type="fig"}D), confirming intact spatial memory. However, in Tg mice of 3.5 mo, the percentage of time spent and path travelled in the target quadrant was reduced relative to the controls, but no significant differences were observed for any of the four tested parameters, including the swimming speed and number of target crossings (2-way ANOVA Tukey's Test, all *p* \> 0.05) ([Figure 2](#ijms-17-01707-f002){ref-type="fig"}D), suggesting affected but efficient spatial memory. At ages 5 and 8 mo, Tg mice showed significantly lower percentages of time and path in the target quadrant and significantly less platform crossings than age-matched controls (2-way ANOVA Tukey's Test, all *p* \< 0.05), indicating complete learning and memory deficits in Tg mice of two age groups ([Figure 2](#ijms-17-01707-f002){ref-type="fig"}D). However, compared with the controls, the swimming speed was notably increased in Tg mice at 5 mo but significantly reduced at 8 mo (2-way ANOVA Tukey's Test, all *p* \< 0.05), suggesting enabled neurological function to activate movements in Tg mice at 8 mo. Typical probe test traces for Tg and WT mice are shown in [Figure 2](#ijms-17-01707-f002){ref-type="fig"}E.

All results indicate that Tg mice showed intact cognition at age 2 mo, learning deficits at 3.5 mo, learning and memory deficits at 5 mo, and further learning and memory impairments at 8 mo. It seems that Tg mice of 2 mo mimicked the pre-clinical stage of AD (prodromal-AD), whereas Tg mice of 3.5, 5, and 8 mo exhibited sub-, early- and mid-clinical signs of AD (symptomatic-AD).

2.2. Age- and Region-Specific Changes in Brain Glucose Metabolism {#sec2dot2-ijms-17-01707}
-----------------------------------------------------------------

^18^F-FDG-PET was used to reveal brain glucose metabolic changes in Tg and WT mice at ages 2, 3.5, 5 and 8 mo; typical PET images are shown in [Figure 3](#ijms-17-01707-f003){ref-type="fig"}. Compared with WT controls, Tg mice showed glucose utilization increase in several brain regions, including the entorhinal cortex, hippocampus and frontal cortex, at age 2 mo; this increase was also present, with more brain regions affected, at age 3.5 mo. In Tg mice of 5 and 8 mo, increased glucose metabolism appeared to decline in the entorhinal cortex and hippocampus but tended to intensify in the thalamus and striatum, with asymmetrical glucose disorders distributed in discrete regions; the asymmetry was more pronounced at age 8 mo. By contrast, T2-weighted MR images showed no visible structural changes in any brain region of Tg mice at any age.

A quantitative analysis of PET images was conducted according to ROIs outlined in [Figure 1](#ijms-17-01707-f001){ref-type="fig"} ([Figure 4](#ijms-17-01707-f004){ref-type="fig"}). A 2-way ANOVA showed significant group differences in SUVr (relative standardized uptake value) between Tg and WT mice in all tested brain regions (entorhinal cortex: *F*~1,63~ = 54.4, *p* \< 0.001; hippocampus: *F*~1,63~ = 34.4, *p* \< 0.001; frontal cortex: *F*~1,63~ = 30.1, *p* \< 0.001; corpus callosum: *F*~1,63~ = 14.6, *p* \< 0.001; striatum: *F*~1,63~ = 41.8, *p* \< 0.001, and thalamus: *F*~1,63~ = 46.9, *p* \< 0.001). Compared with that of age-matched WT mice, SUVr values in the entorhinal cortex, hippocampus and frontal cortex of Tg mice were significantly elevated at age 2 mo, further increased at age 3.5 mo, but declined notably at age 5 mo, and reduced to basal levels at age 8 mo (2-way ANOVA Tukey's Test, all *p* \> 0.05) ([Figure 4](#ijms-17-01707-f004){ref-type="fig"}A--C). By contrast, SUVr values in the striatum and thalamus of Tg mice increased progressively with age after reaching significance at age 3.5 mo (2-way ANOVA Tukey's Test, all *p* \< 0.05) ([Figure 4](#ijms-17-01707-f004){ref-type="fig"}E,F). When ROI-specific SUVr values were compared across Tg mice of diverse ages, Tg mice of 3.5 mo showed the highest SUVr in the entorhinal cortex, hippocampus and frontal lobe ([Figure 4](#ijms-17-01707-f004){ref-type="fig"}A--C), whereas Tg mice of 8 mo showed the highest SUVr in the striatum and thalamus, compared with Tg mice of other ages ([Figure 4](#ijms-17-01707-f004){ref-type="fig"}E,F).

2.3. Correlation Analysis between Hippocampal SUVr (Relative Standardized Uptake Value) and MWM Parameters {#sec2dot3-ijms-17-01707}
----------------------------------------------------------------------------------------------------------

A correlation analysis between hippocampal SUVr values and MWM parameters were performed in Tg mice to test whether glucose disorder in the hippocampus can indicate cognitive dysfunction. Because escape latency and percentage of path in the target quadrant are most commonly used in the MWM, they were used for the analysis, wherein latency data were collected from the fifth training day. Because Tg mice of 2 mo showed normal performance in the MWM, only the data from Tg mice of 3.5 to 8 mo were included in the analysis. Pearson correlation tests showed that there was a close and highly significant relationship between hippocampal SUVr and escape latency (*r* = −0.78, *p* = 0.001) and percentage of path in the target area (*r* = 0.81, *p* \< 0.001) ([Figure 5](#ijms-17-01707-f005){ref-type="fig"}), suggesting a notable correlation between changes in hippocampal glucose and changes in Alzheimer's cognition after the onset of symptoms. To determine the effect of age on the correlation, a multiple linear correlation analysis with age group as a variable was further conducted. Results showed that age has non-significant correlations with escape latency (*r* = 0.177, *p* = 0.440) and percentage of path in the target quadrant (*r* = −0.154, *p* = 0.472), suggesting that Tg mice of the three age groups share uniform correlations between hippocampal SUVr and MWM performance.

2.4. Histological Confirmation of Alzheimer's Pathology {#sec2dot4-ijms-17-01707}
-------------------------------------------------------

The anti-Aβ1-16 antibody was used to stain Aβ peptides to confirm Alzheimer's pathology in Tg mice; typical images are shown in [Figure 6](#ijms-17-01707-f006){ref-type="fig"}. Although Tg mice aged 2 mo already showed visible Aβ staining in the entorhinal cortex and hippocampus, there were no signs of Aβ plaques in these regions, suggesting the overproduction of Aβ peptides ([Figure 6](#ijms-17-01707-f006){ref-type="fig"}A). Spot-like Aβ staining appeared in the entorhinal cortex and hippocampus of Tg mice at age 3.5 mo, and the number of Aβ plaques ([Figure 6](#ijms-17-01707-f006){ref-type="fig"}A, arrow) and percentage of plaque area in each microscopic view was markedly increased in Tg mice aged 5 and 8 mo (one-way ANOVA Tukey's Test, all *p* \< 0.05) ([Figure 6](#ijms-17-01707-f006){ref-type="fig"}B). However, sporadic staining of Aβ plaques in the corpus callosum was only observed in Tg mice at age 8 mo. No Aβ-stained deposits were detected in WT mice of any age ([Figure 6](#ijms-17-01707-f006){ref-type="fig"}A).

3. Discussion {#sec3-ijms-17-01707}
=============

To provide basic evidence regarding PET scanning in patients with probable AD, we used microPET to study age- and brain region-specific changes of early glucose disorder and learning and memory dysfunction in APP/PS1 Tg mice. We found a significant increase in brain glucose metabolism before cognitive decline in Tg mice, with the largest increases observed in the entorhinal cortex, hippocampus and frontal cortex. After the onset of cognitive deficits, glucose utilization tended to decline in the entorhinal cortex and hippocampus of Tg mice but to increase in the striatum and thalamus. By comparing SUVrs in the entorhinal cortex and hippocampus, Tg mice were distinguished from controls before cognitive decline. In addition, hippocampal glucose metabolic changes were significantly associated with learning and memory deficits after the onset of AD symptoms. These results suggest that ^18^F-FDG-PET can reveal glucose metabolic disorders in early AD and indicate disease progression after cognitive decline. This is the first study, to our knowledge, that details the changes of glucose metabolism in early AD and explores their relationship with the development of specific cognitive deficits.

Growing evidence has shown that patients with AD often experience a lengthy (\>10 years) period of disease progression before cognitive decline \[[@B13-ijms-17-01707]\]. This period often involves several pathophysiological variables and complex interactions, including glucose metabolic disorders. Elucidation of the disorders can facilitate early AD diagnosis. However, most patients already have late-stage AD at diagnosis because of the prior absence of featured clinical signs; thus, it is impractical to explore early AD-related pathophysiological changes in patients. Model animals facilitate the study of pathological changes in early AD, wherein APP/PS1 Tg mice have been widely used to investigate early pathogenic changes similar to human AD \[[@B14-ijms-17-01707]\]. In this study, Tg mice showed complete AD-like cognitive deficits at ages 5 and 8 mo and a slower learning speed at age 3.5 mo but not age 2 mo. However, staining of Aβ peptides was already present in Tg mice at age 2 mo, Aβ plaques appeared at age 3.5 mo, and the plaque area increased with age thereafter. Thus, based on our and previous findings \[[@B13-ijms-17-01707],[@B15-ijms-17-01707]\], Tg mice of four ages used in this study mimicked the pre-, sub-, early- and mid-clinical stage of AD.

Using microPET, we showed noticeable increases in glucose metabolism in several brain regions of Tg mice aged 2 and 3.5 mo compared with aged-matched controls; the increased glucose metabolism declined at 5 mo and returned to basic levels at 8 mo. With an image fusion technique \[[@B16-ijms-17-01707]\], we coregistered PET images with MR images and calculated SUVr values in specific brain regions. Results showed that metabolic increase was major in the entorhinal cortex and hippocampus of Tg mice aged 2 mo (before cognitive decline), which was notably different from that of the controls. In these regions, the increased SUVr values were more prominent at 3.5 mo, but significantly reduced to the same levels as the control in Tg mice of 5 and 8 mo (after cognitive decline). These findings suggest that PET detected early abnormalities in glucose metabolism in mice with AD and that FDG uptake can be an early biomarker for AD diagnosis. By contrast, SUVr in the striatum and thalamus of Tg mice was significantly elevated at age 3.5 mo and progressively elevated thereafter. These findings are consistent with previous functional MRI studies of brain regions vulnerable to AD \[[@B17-ijms-17-01707],[@B18-ijms-17-01707],[@B19-ijms-17-01707]\] and imply that the entorhinal cortex and hippocampus can be target sites for AD detection via glucose metabolism.

There are several causes explaining the age- and brain region-specific changes of glucose metabolic disorder observed in early AD. The initial brain hyperglycolysis could be associated with compensatory activation of existing neurons for lost ones in AD-affected brain regions \[[@B20-ijms-17-01707]\]. Because glucose is the brain's major energy source, the compensation would metabolize more glucose to maintain neurological function \[[@B21-ijms-17-01707]\]. In this phase, the Aβ overexpression and accidental seizure activity also require more glucose utilization for energy, contributing to the hyperglycolysis. The subsequent glucose utilization reduction may be caused by Aβ overload and excessive neuronal loss \[[@B22-ijms-17-01707]\]. While Aβ overload adversely affects glucose utilization, neuronal loss leads to the immediate reduction of glucose metabolism. When existing neurons cannot take over lost ones, glucose metabolism begins to decline. Moreover, innate immune-mediated neuroinflammation also occurs in company with Aβ accumulation in AD, which often leads to abundant inflammatory cells, including glial activation that expresses high levels of glucose transporters and thus increases brain glycolytic activity \[[@B23-ijms-17-01707],[@B24-ijms-17-01707],[@B25-ijms-17-01707]\]. Our study revealed the entorhinal cortex and hippocampus as regions affected first with glucose disorders, perhaps because these regions are highly dependent on the insulin signaling pathway and are initially subject to Aβ accumulation \[[@B26-ijms-17-01707],[@B27-ijms-17-01707]\]. While accumulated Aβ causes glucose metabolic disorder by disturbing the insulin signaling pathway, altered glucose metabolism can conversely promote Aβ accumulation. Our histological examination showed that glucose utilization increased with emerging Aβ deposition but attenuated with growing Aβ plaques, supporting the contribution of Aβ deposition to glucose disorders. However, no direct correlational analysis was conducted between the two factors in this study, and future researches are required to evaluate the relationship.

However, the early glucose metabolic increase, as we observed in Tg mice, is inconsistent with many clinical reports. For example, Kantarci et al. examined patients with early AD using FDG-PET, finding reduction of glucose metabolism in several brain regions including the temporal and parietal lobes \[[@B28-ijms-17-01707]\]. Also, Herholz et al. reported a decline of FDG uptake in the temporoparietal and prefrontal cortex of patients with probable AD \[[@B29-ijms-17-01707]\]. The inconsistence, on one aspect, could be related with diverse histological constitution in the brain between mice and humans. Specifically, the volume ratio of grey matter in the whole brain is notably higher in mice than in humans \[[@B30-ijms-17-01707]\], and thus mice brains have more neurons to consume in the degenerative process. On another aspect, due to a long asymptomatic period, patients consenting to PET examination may be already at late-stage AD. This is supported by studies showing hyperglycolysis in the cortex and medial temporal lobe of patients who are suspected to have AD \[[@B31-ijms-17-01707],[@B32-ijms-17-01707]\]. There are also studies reporting that glucose metabolism began to decline after cognitive deficits appeared in AD patients, suggesting that there may be ever hyperglycolysis in the brain. It is possible that APP/PS1 mice represent an early stage of AD or the metabolic data from AD patients are collected at the late stage of the disease.

Consistent with our findings, two other PET studies using APP/PS1 mice also showed an initial glucose metabolic increase and subsequent metabolic reduction in the brain \[[@B8-ijms-17-01707],[@B33-ijms-17-01707]\]. These results suggest that glucose metabolic disorders occur in the brain of Tg mice before cognitive decline and that disordered glucose metabolism can differentiate AD from the controls; this is congruent between animals and humans and provides the basis for studying metabolic changes occurring in human AD using animals. However, the difference in glucose metabolism between animals and humans should be considered when extrapolating the results obtained from mice.

Besides detailing changes in regional glucose metabolism, we also explored the association of hippocampal glucose metabolic changes with learning and memory dysfunctions in Tg mice with cognitive deficits. The hippocampus was selected because it is closely related with learning and memory formation and its damage is thought to vitally involve the AD process. Also, studies have shown that the hippocampus is an initial site of Aβ accumulation and neuronal damage \[[@B19-ijms-17-01707],[@B34-ijms-17-01707]\], offering a pathologic basis for AD-related cognitive deficits. Once hippocampal damage reaches a certain level, resulting learning and memory deficits can be evaluated by the MWM in mice. From our correlation analysis, it seems that hippocampal SUVrs had significantly negative correlation with escape latency but positive relationship with percentage of path in the target quadrant in Tg mice with symptomatic AD. Thus, because increased escape latency and reduced percentage of path in the target quadrant both indicate cognitive deficits, lower SUVrs should point to serious cognitive impairment while higher SUVrs indicate mild impairment in APP/PS1 mice, suggesting that hippocampal FDG uptake can be an indicator of the progression in Alzheimer's cognition, at least in animals. Such a finding is consistent with the reports by Herhoiz et al. \[[@B35-ijms-17-01707]\], who showed that a calibrated FDG-PET score can serve as a biomarker for progression in AD clinically. However, it must be noted that the baseline of FDG uptake in this study was from Tg mice with sub-clinical AD in which glucose metabolism was notably enhanced compared with the controls. Thus, it is required to learn the base FDG uptake when using PET to monitor progression in AD mice.

This study has some limitations, notably the lack of within-subjects design. The mice of different age groups were from different cohorts but tested at the same time. Although the animal selection and test timing were strictly controlled, there were always within-animal changes in glucose metabolism, which need to be weighed into this study's findings. For another, the model animals used in this study exhibited typical Aβ depositions similar to human AD but no neurofibrillary tangles (NFTs), another pathological feature of AD. However, NFTs are often present in the mid- to late-stage of AD, whereas this study focuses on metabolic changes in early AD; thus the findings have certain universal significance. Next, the spillover and partial volume effects inherent in PET imaging challenge the measurement of radioactivity in small ROIs; such limitations of microPET limit the ROI definition and radioactivity measurement. Thus, PET images were fused with T2-weighted images to accurately locate ROIs and only larger-sized ROIs were included to minimize volume effects. Moreover, this study employed static PET to correlate SUVr values with activated MWM parameters, but the quantification may be better by using dynamic PET to estimate the glucose metabolic rate from FDG (MRFDG). However, SUVs have been shown to correlate well with percentage changes in MRFDG (*r* = 0.84; \[[@B36-ijms-17-01707]\]); thus, static PET reflects brain activation during the MWM. Thus, this study's findings represent a conservative revelation of brain abnormalities occurring in early AD.

4. Materials and Methods {#sec4-ijms-17-01707}
========================

4.1. Animals {#sec4dot1-ijms-17-01707}
------------

All animal experiments were approved by the Institutional Animal Care and Use Committee of the Institute of Laboratory Animal Science of Peking Union Medical College (ILAS-PL-2014-003, Date of approval: 24 October 2014). Animals were provided by the Institute of Experimental Animals of the Chinese Academy of Medical Science and cared for according to the guidelines published in the National Institutes of Health Guide for Care and Use of Laboratory Animals.

APP/PS1 Tg mice (C57BL/6J) used in this study were produced by co-injecting APPswe and PS1ΔE9 vectors as described \[[@B37-ijms-17-01707]\]. These mice overexpress the Swedish (K594M/N595L) mutation of human APP together with PS1 deleted in exon 9 driven by the mouse prion protein promoter, confirmed by PCR genotyping of mouse tail tissue \[[@B37-ijms-17-01707],[@B38-ijms-17-01707]\]. Only female mice were utilized because the female APP/PS1 mice develop cognitive deficits faster than the male mice. Thirty-six Tg mice and 36 age-matched WT littermates were tested at ages 2, 3.5, 5 and 8 mo (*n* = 9 Tg and 9 WT in each age group).

4.2. MWM {#sec4dot2-ijms-17-01707}
--------

The WMM test, which has been widely used in studies of AD models in rodents \[[@B16-ijms-17-01707],[@B39-ijms-17-01707]\], was used to assess the learning and memory of mice in this study. The maze was located in a white circular pool (100 cm diameter and 50 cm height) divided into four equal quadrants. The pool was filled with water at 22 ± 1 °C and made opaque with nonfat milk. At the start, a cued test, including three trials of 60 s, in which there was a visible escape platform positioned in the center of quadrant IV was conducted to assess age-related visual deficits and motion to escape from water. A flag was positioned on the platform, which the mice could use to navigate the maze. Subsequently, the training tests were performed in succession. In the training tests, the platform was placed in the center of quadrant II, submerged 1 cm below the water surface, with a cue flag positioned on the wall surrounding the pool for navigation. Each mouse was given three trials from different starting points, each lasting 60 s, for 5 consecutive days, in which the mice were allowed to swim freely to the platform. Finally, at 24 h after the last set of training trials, a probe test was started, during which the platform was removed from the pool and the mouse dropped at a position opposite quadrant II. After each trial, the mice were kept in a plastic holding cage placed on an electric heater. The swimming of mice was recorded with a video connected to a computer-driven movement tracing system (Ethovision, Noldus Information Technology, Wageningen, The Netherlands). The escape latency (time to reach the platform) was analyzed and recorded as averages for the cued and training tests. The percentage of time spent in the target quadrant, the percentage of distance travelled in the target quadrant, the swimming speed, and the crossings of the target platform were calculated for the probe test.

4.3. MicroPET Imaging {#sec4dot3-ijms-17-01707}
---------------------

The mice were subjected to FDG-PET scans using a microPET scanner (Inveon, Siemens Medical Solutions, Knoxville, TN, USA). All mice fasted ≥6 h before PET scans to achieve a stable plasma glucose level. After an intravenous injection of FDG (diluted in saline, 111 MBq/kg), each animal was kept in an individual cage in a quiet, lightly dim and warm room. Forty minutes later, the mice were anesthetized via inhalation of 5% isoflurane/95% O~2~ mixture, placed in the prone positon, and maintained under anesthesia with 2% isoflurane/98% O~2~ mixture. The body temperature of animals was maintained at 37 °C using a circulating water heating pad. Then, a static PET scan was performed continuously for 23 min (spatial resolution: 1.35 mm; field of view (FOV): 12.7 cm), followed by a transmission scan from a rotating ^57^Co point source for attenuation correction. The PET images were reconstructed using a two-dimensional filtered back-projection algorithm, resulting in 0.78 mm × 0.78 mm × 0.80 mm voxel size. The images were reconstructed in axial, coronal and sagittal views on the Inveon Research Workplace 3.0 software package (Siemens Medical Solutions). After PET scanning, each mouse underwent a brain MRI using a 7.0-T MR scanner (V.70/16; PharmaScan, Bruker Biospin, Rhein-stetten, Germany) to acquire high-resolution T2-weighted MR images (TE = 24 ms; TR = 4000 ms; FOV = 20 mm × 20 mm; matrix = 256 × 256). The acquired images were used for observing brain structural changes associated with AD and then fusing with PET images. After spatial transformation, T2-weighted images were coregistrated with the corresponding PET images using SPM12 software (Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK), as described previously \[[@B16-ijms-17-01707]\]. The resulting PET/MR fusion images were resliced with trilinear interpolation to produce 0.4-mm-thick image slices for analysis.

4.4. PET Data Analysis {#sec4dot4-ijms-17-01707}
----------------------

FDG-PET data were analyzed using the ImageJ software package (National Institutes of Health, Bethesda, MD, USA), as described previously \[[@B16-ijms-17-01707]\]. ROIs were manually drawn on brain MRI slices according to the mouse brain atlas by Pixinos and Wastson \[[@B12-ijms-17-01707]\]. Boundaries of ROIs, including the frontal cortex, hippocampus, entorhinal cortex, corpus callosum, striatum, thalamus and cerebellum, were drawn at optimal coronal layers and confirmed on axial and sagittal MRI slices ([Figure 1](#ijms-17-01707-f001){ref-type="fig"}). The ROIs were then transferred to identical sites on the PET/MRI fusion and PET images of the same mouse. The quantitative parameters of each ROI were calculated as average values from three consecutive slices. Bilateral ROIs from the same mouse were analyzed in combination. For quality control, the ROIs were drawn by a blinded investigator who was instructed to make them sufficiently large.

Brain ^18^F-FDG uptake was calculated as the SUV, corrected for injection time and divided by the injected dose and animal weight. The SUV data within ROIs were collected for each mouse. To keep consistent across animals, relative SUV (SUVr) was calculated for each ROI with the cerebellum as referencing tissue because the cerebellum is minimally affected in glucose metabolism \[[@B40-ijms-17-01707]\]. SUVr values from different ROIs were compared within brains and within age groups to evaluate the age- and brain region-specific changes in glucose metabolism. Hippocampal SUVr values were evaluated for their potential relationship with MWM parameters.

4.5. Immunohistochemical Analysis {#sec4dot5-ijms-17-01707}
---------------------------------

After MR scanning, for histological examination, all mice were subject to cardiac perfusion with 4% paraformaldehyde while deeply anesthetized, and then the brains were removed and post fixed for at least 24 h. The fixed brains were then dehydrated by gradient ethanol, embedded in paraffin and cut into 6-μm coronal sections. Brain sections were stained with anti-Aβ~1--16~ antibody at 1/500 strength (6E10; Covance/Signet Laboratories, Dedham, MA, USA), followed by secondary antibody (HRP-labeled anti-rabbit/mouse IgG) and DAB (ZSJQ-BIO, Beijing, China), to identify Aβ deposition in plaques. Counterstaining was performed on representative sections with hematoxylin, and then the sections were subject to image analysis (Leica TCS SP2, Leica, Wetzlar, Germany) and analyzed using the Image Pro Plus 6.0 software package (Media Cybernetics Inc., Rockville, MD, USA) to calculate the percentage of Aβ plaque area in each microscopic view at 200× magnification in the entorhinal cortex and hippocampus.

4.6. Statistical Analysis {#sec4dot6-ijms-17-01707}
-------------------------

All results were expressed as means ± SEM. Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA). One or two-way ANOVA were used for multiple group analysis, followed by Tukey's Test (α = 0.05) to assess the between-group difference. Linear regression analysis was used to predict the association between hippocampal SUVr values and MWM parameters in Tg mice. Differences with *p*-values of \<0.05 were considered statistically significant.

5. Conclusions {#sec5-ijms-17-01707}
==============

In summary, this study used ^18^F-FDG microPET in combination with the MWM test to assess age- and brain region-specific changes of glucose metabolic disorder and explore their associations with learning and memory dysfunction in APP/PS1 Tg mice. Results showed that glucose metabolism was significantly increased in multiple brain regions of Tg mice with early AD and that the entorhinal cortex, hippocampus and frontal cortex were the first sites affected with glucose metabolic disorders. Increased glucose utilization in the entorhinal cortex and hippocampus can differentiate Tg mice from WT controls before onset of cognitive deficits. Hippocampal SUVr changes were significantly correlated with MWM parameters after cognitive deficits. These findings suggest regional FDG uptake increase can be used as an early biomarker for AD diagnosis in Tg mice. In addition, hippocampal FDG uptake can be an indicator for AD progression after cognitive deficits, at least in animals. Further studies are required to validate whether or to what extent the results obtained in this study can be extrapolated to patients in clinic.
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FDG
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precursor protein

PS1
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Tg

transgenic
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wide-type

mo

month-old
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![Seven regions of interest (ROI). The schematic boundaries of ROIs were drawn on the coronal (**a**--**e**), axial (**f**), and sagittal (**g**) T2-weighted images of a mouse brain according to the mouse brain atlas by Paxinos and Watson \[[@B12-ijms-17-01707]\].](ijms-17-01707-g001){#ijms-17-01707-f001}

![Morris water maze (MWM) results. (**A**) Comparisons of escape latencies in the cued test between Tg and wide-type (WT) mice aged 2, 3.5, 5 and 8 mo; (**B**) Escape latencies in 5 days in the training test and (**C**) typical training traces (the fifth day) for mice of each age. (\* *p* \< 0.05; \*\* *p* \< 0.01; vs. aged-matched WT mice); (**D**) Comparisons of the percentage of time spent in the target quadrant, percentage of path travelled in the target quadrant, mean speed, as well as number of target crossings in the probe test between Tg and WT mice aged 2, 3.5, 5 and 8 mo; and (**E**) typical probe traces. (\* *p* \< 0.05; \*\* *p* \< 0.01; vs. aged-matched WT mice). mo: month-old.](ijms-17-01707-g002){#ijms-17-01707-f002}

![Results of PET/MRI fusion. Typical coronal ^18^F-FDG-PET images from WT (8 mo) and Tg mice (2, 3.5, 5 and 8 mo), projected on standard T2-weighed MR images from a WT mouse. mo: month-old.](ijms-17-01707-g003){#ijms-17-01707-f003}

![Quantitative analysis of PET data. ROI-based SUVr (relative standardized uptake value) group comparisons for Tg and WT mice aged 2, 3.5, 5 and 8 mo. Graphs highlight age-specific changes in SUVr values for the entorhinal cortex (**A**); hippocampus (**B**); frontal cortex (**C**); corpus callosum (**D**); striatum (**E**); and thalamus (**F**). (\* *p* \< 0.05, \*\* *p* \< 0.01, vs. Tg mice of other age groups; \# *p* \< 0.05, \#\# *p* \< 0.01 vs. Tg mice of the same age group). mo: month-old.](ijms-17-01707-g004){#ijms-17-01707-f004}

![Correlations of hippocampal glucose utilization with MWM performance in mice at ages 3.5, 5 and 8 mo. Hippocampal SUVr values of individual animals were correlated with the escape latency (**A**) and percentage of path travelled in the target quadrant (**B**). A linear regression model was used for the correlation analysis. The regression curve line, correlation coefficients (*r*), and significance values are shown in the plots. Statistical significance was set at *p* \< 0.05. mo: month-old.](ijms-17-01707-g005){#ijms-17-01707-f005}

![Immunohistochemical results. (**A**) Representative images of Aβ and plaques in the entorhinal cortex and hippocampus (dental gyrus) of WT and Tg mice aged 2, 3.5, 5 and 8 mo, visualized by staining Aβ~1--16~ peptides. Arrows indicate the presence of Aβ plaques. Scale bar: 50 μm; (**B**) Percentage of Aβ plaque area in each microscopic view (at 200×) in the entorhinal cortex and hippocampus in Tg and WT mice aged 2, 3.5, 5 and 8 mo. (\* *p* \< 0.05, \*\* *p* \< 0.01, vs. Tg mice of other age groups). mo: month-old.](ijms-17-01707-g006){#ijms-17-01707-f006}
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###### 

Demographics and overview of mice used in the study.

  Mouse Type   Sex   Age (mo)   *n*          Weight (g)   PET Scan Completion (*n*)   Drop out Due to Death (*n*)
  ------------ ----- ---------- ------------ ------------ --------------------------- -----------------------------
  APP/PS1      F     2          9            18.3 ± 1.9   8                           1
  F            3.5   9          23.4 ± 2.2   9            0                           
  F            5     9          27.4 ± 3.2   9            0                           
  F            8     9          29.2 ± 3.9   7            2                           
  WT           F     2          9            18.8 ± 1.4   9                           0
  F            3.5   9          24.5 ± 1.8   9            0                           
  F            5     9          28.2 ± 2.6   9            0                           
  F            8     9          30.6 ± 3.5   8            1                           

APP: amyloid precursor protein; F: female; mo: month-old; *n*: number; PET: positron emission tomography; PS1: presenilin 1; WT: wide-type.
